We report the molecular characterization and the detailed study of the recombinant maltooligosyl trehalose synthase mechanism from the thermoacidophilic archaeon Sulfolobus acidocaldarius. The mts gene encoding a maltooligosyl trehalose synthase was overexpressed in Escherichia coli using the T7-expression system. The purified recombinant enzyme exhibited optimum activity at 75³C and pH 5 with citrate^phosphate buffer and retained 60% of residual activity after 72 h of incubation at 80³C. The recombinant enzyme was active on maltooligosaccharides such as maltotriose, maltotetraose, maltopentaose and maltoheptaose. Investigation of the enzyme action on maltooligosaccharides has brought much insight into the reaction mechanism. Results obtained from thin-layer chromatography suggested a possible mechanism of action for maltooligosyl trehalose synthase: the enzyme, after converting the K-1,4-glucosidic linkage to an K-1,1-glucosidic linkage at the reducing end of maltooligosaccharide glc(n) is able to release glucose and maltooligosaccharide glc(n31) residues. And then, the intramolecular transglycosylation and the hydrolytic reaction continue, with the maltooligosaccharide glc(n31) until the initial maltooligosaccharide is reduced to maltose. An hypothetical mechanism of maltooligosyl trehalose synthase acting on maltooligosaccharide is proposed. ß
Introduction
Trehalose (K-D-glucopyranosyl-K-D-glucopyranoside) is a non-reducing disaccharide widely distributed in nature. It is composed of two glucose molecules connected by an unusual K,K linkage between carbons number 1 of both glucose molecules. Trehalose is gaining signi¢cant attention as food and drug additive, food ingredient [1] , sweetener, stabilizer for dried or frozen foods and for use in cosmetics [2] . The biosynthesis of trehalose has been demonstrated to occur via an enzymatic system of trehalose-6-phosphate synthase/phosphatase in Escherichia coli and Saccharomyces cerevisiae [3] . Two other enzymatic systems have been reported for the trehalose synthesis: by reverse reaction of trehalose phosphorylase from Euglena gracilis or trehalase from Chaetomium rectopilum [1] . However, none of these systems are well adapted to industrial production of trehalose because of several disadvantages such as di¤culty in purifying the saccharide, low yield and high cost.
Recently, a new mechanism for the biosynthesis of trehalose has been reported in the bacteria Arthrobacter sp. Q36 [4] and the archaeon Sulfolobus acidocaldarius [5] . The two enzymes system involves a maltooligosyl trehalose synthase (MTS) and a maltooligosyl trehalose tetrahydrolase (MTH) which act in a coupled manner in the two following reactions:
maltooligosaccharideÀ3
MTS maltooligosyl trehalose À3
MTH trehalose maltooligosaccharide
In the ¢rst step, the maltooligosaccharide is converted into the non-reducing saccharide maltooligosyl trehalose by intramolecular transglycosylation (conversion of the K-1,4-glucosidic linkage to the K-1,1-glucosidic linkage at the reducing end of the maltooligosaccharide). And then, the reaction product, maltooligosyl trehalose, is hydrolyzed into trehalose and maltooligosaccharide by MTH. Using this system, the cost of trehalose synthesis has been reduced enough to permit industrial production and application in food industry or cosmetics [1] .
MTSs were already studied for their ability to catalyze the intramolecular transglycosylation reaction. However, an hydrolytic reaction occurring during this reaction has been mentioned [4, 5] , but never studied. In this paper, we present the cloning, expression and characterization of the recombinant MTS from S. acidocaldarius. We have further investigated the catalytic mechanism of the enzyme (intramolecular transglycosylation and hydrolysis) and we proposed an hypothetical mechanism of MTS acting on maltooligosaccharide.
Materials and methods

Organisms and growth conditions
The strain S. acidocaldarius DSM 639 used in this study was grown on DSZM medium 88 (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, Germany) at 70³C [6] . E. coli DH5K was used as host strain for the recombinant plasmid pET-mts and E. coli BL21 (DE3) harboring pLysS as host strain for the recombinant plasmid pET-mts when overexpressing the cloned gene. E. coli was grown in 2UYT medium in a rotary shaker at 37³C and ampicillin was added in a ¢nal concentration of 100 Wg ml 31 .
Cloning of the mts gene
Based on mts sequence (accession number D83245) [7] , primers were designed to amplify the gene by the polymerase chain reaction (PCR) on a DNA thermal cycler (Stratagene). The two primers (with NdeI and BamHI restriction sites in boldface) were as follows : MTS1: 5P-GAG-GAT-AGA-GTT-CAT-ATG-ATA-TCA-GCA-ACC-TA-C-AG-3P, sense and MTS2: 5P-GTC-ACA-TAA-AAA-TCG-GAT-CCT-TAT-AAC-TTA-CAT-TC-3P, antisense.
In addition to the DNA template from S. acidocaldarius and the primers, the 50 Wl reaction mixture contained 10 nmol dNTPs, Taq DNA polymerase bu¡er, 1.5 U Taq DNA polymerase (Q-biogene) and was subjected to 12 cycles of ampli¢cation (60 s at 94³C, 60 s at 54³C and 90 s at 72³C). A PCR product with the expected size was digested with NdeI and BamHI and cloned in a pET-11a plasmid (Novagen, Inc.), resulting in pET-mts, and transformed into E. coli DH5K and BL21 (DE3), pLysS using standard procedures [8] .
Overexpression of the mts gene and puri¢cation of the MTS
An overnight culture of E. coli BL21 (DE3), pLysS harboring pET-mts was diluted 1:10 and grown until the OD 600 reached 0.6. The culture was induced with 1 mM of isopropyl-L-D-thiogalactopyranoside for 16 h. Cells were harvested by centrifugation, resuspended in 50 mM phosphate bu¡er (pH 7.5 containing 1 mM EDTA, 10 mM Lmercaptoethanol and 200 Wg ml 31 lysozyme) and sonicated using a Vibracell soni¢er (375 W, 40% amplitude). Cell debris were removed by centrifugation (10 000Ug for 10 min). The resulting supernatant was heated for 30 min at 70³C and precipitated proteins were removed by another centrifugation. The supernatant was subsequently dialyzed against Tris^HCl bu¡er (10 mM, pH 8.5), loaded on a Resource-Q (Pharmacia) column that was equilibrated with the same bu¡er. Bound proteins were eluted by a linear gradient of NaCl (0^0.5 M in Tris^HCl bu¡er). Active fractions eluted around 0.25 M NaCl. Protein samples were analyzed by SDS^PAGE using the method of Laemmli [9] .
Analytical methods (MTS assay, thin-layer chromatography (TLC))
The standard assay for MTS activity was carried out at 75³C for 4 min, using 1% maltopentaose (Sigma) as substrate in 50 mM citrate^phosphate (citric acid, NaH 2 PO 4 ) bu¡er (pH 5). The reducing sugars released were detected by the dinitrosalicylic acid (DNS) method [10] , with mal- 
Sequence comparison of the S. acidocaldarius MTS
According to the high level amino acid sequence identity (Table 1) , the MTS from S. acidocaldarius is homologous to the other MTS previously described, from S. solfataricus KM1 [11] , Sulfolobus shibatae, Deinococcus radiodurans [12] , Mycobacterium tuberculosis [13] , Brevibacterium helvolum, Rhyzobium sp. M-11 [14] and Arthrobacter sp. [15] . Based on amino acid sequences similarities, the MTS have been classi¢ed in the family 13 of glycoside hydrolases [15] , which covers about 20 di¡erent enzyme specificities and consists of mainly K-amylases as well as starch hydrolases and related enzymes. Despite a low degree of sequence similarity between representatives of the socalled K-amylase family, the members of this latter are predicted to share a catalytic (K/L) 8 -barrel structure [16] similar to that ¢rst observed in K-amylase from Aspergillus oryzae [17] . Comparison of MTS and K-amylase from A. oryzae (Fig. 1) shows the conservation of well-de¢ned regions that are conserved in the frame of the entire family [18] . These four regions (II, IV, V, VI) contain the three amino acid residues, Asp206, Glu230 and Asp297 (K-amylase numbering) that have been shown to play a catalytic role within the active site of family 13 enzymes [19^20] suggesting that the corresponding residues within the amino acid sequence of MTS may be involved in its catalytic activity.
Recombinant MTS characterization
In order to characterize the S. acidocaldarius recombinant MTS, we overexpressed the enzyme, hereafter called MTS, in E. coli BL21 (DE3), pLysS. MTS could easily be puri¢ed to homogeneity by a two-step puri¢cation procedure consisting of a heat incubation (30 min at 70³C) followed by an anion exchange chromatography step (Resource Q, Phamarcia). About 7-fold puri¢cation was obtained and the isolated enzyme was estimated to be at least 95% pure by SDS^PAGE (Fig. 2) .
The MTS enzyme activity was investigated at di¡erent pH values and temperatures. The pH optimum was found to be 5. The temperature for maximum activity was 75³C. Thermal stability was investigated by incubating the pure enzyme up to 70 h at di¡erent temperatures. The results of the thermal stability test show that after 72 h of incubation, the residual relative activity is 60%. At 90³C and 100³C, MTS loses during the ¢rst hour of incubation about 30 and 65% of its initial activity, respectively. No major di¡erences were observed between the native en- zyme and the recombinant one expressed in the mesophilic eubacterium E. coli. [5] . These results imply that MTS produced in E. coli is correctly folded and cannot be distinguished from that of S. acidocaldarius. Comparison with MTS from di¡erent microorganisms showed that the enzyme from S. acidocaldarius has similar properties compared to ones from S. solfataricus KM1 [21] and S. shibatae [22] . This is not surprising, knowing that the three thermoacidophilic archaea belong to the same genus, and have been isolated from similar acidic hot springs.
Action of MTS on maltooligosaccharides
The speci¢c enzyme activities of the puri¢ed MTS on di¡erent substrates was investigated using the DNS assay, as described in Section 2. The results showed that MTS is active on maltooligosaccharides with DP 3^7 (data not shown). Maltose and glucose were tested in the same conditions, but no action of MTS on the dimer and monomer could be detected. In addition to these oligomers, the following glucose polymers were tested: amylose, amylopectin, dextran, starch, pullulan, glycogen. No action of MTS on these substrates was detected. To investigate the MTS mechanism more in detail, TLC analysis of product generated by the enzyme on maltopentaose was performed. Results are reported in Fig. 3 . Negative controls, which did not contain MTS, showed no alteration of the substrate during incubation (data not shown). The mechanism of the MTS appears a little more complex as it has previously been described. After 5 min of incubation, the presence of the intramolecular transglycosylation product, maltotriosyl trehalose (not detected on TLC because it migrates almost at the same level as the maltopentaose) has been con¢rmed by C13-NMR analysis (data not shown). However, it is not the only product of the reaction, because maltotetraose and glucose can be visualized (Fig. 3) . From 20 min to 3 h of incubation, the reaction continues to produce maltotriosyl trehalose, and surprisingly more and more hydrolytic products (glucose, maltose, maltotriose and maltotetraose) are liberated. After 24 h of incubation, the reaction stops going on and the ¢nal products remaining after 70 h are glucose and maltose. The same reaction done with maltotriose, maltotetraose and maltoheptaose, as substrate, gave similar results: the substrate is completely degraded and glucose and maltose are obtained as unique end-products (data not shown). The activity of the puri¢ed enzyme was assayed using the following substrates : p-nitrophenyl-K-Dglucopyranoside, p-nitrophenyl-K-L-arabinofuranoside, pnitrophenyl-K-L-rhamnopyranoside and p-nitrophenyl-K-D-mannopyranoside, but no activity was detected. However, MTS was assayed using maltotriosyl trehalose as a substrate (this substrate is not commercially available, but was provided by Hayashibara Biochemical Inc. and Prof. Y. Matsuura). TLC analysis of the reaction gave interesting results. The maltotriosyl trehalose substrate is completely degraded and glucose and maltose are obtained as unique ¢nal products. The intramolecular transglycosylation reaction catalyzed by MTS from S. acidocaldarius and Arthrobacter sp. Q36 have already been described [4, 5] and a`slight hydrolytic action' of the enzyme is mentioned, but the reaction and the corresponding products have not been described. Our results obtained from TLC suggest a possible mechanism of action for MTS. The enzyme after converting the K-1,4-glucosidic linkage to an K-1,1-glucosidic linkage at the reducing end of maltooligosaccharide is able to liberate glucose and glc(n31) residues either by hydrolyzing the K-1,1-glucosidic linkage or after reversion of the transglycosylation reaction by hydrolyzing the K-1,4-glucosidic linkage of the maltooligosaccharide.
This indicates that the intramolecular transglycosylation reaction is not the unique reaction catalyzed by MTS and that the hydrolytic action is not a parasite reaction obtained when a large amount of enzyme is used, as was previously mentioned [4, 5] . The enzyme catalyzes the transformation of a maltooligosaccharide glc(n) into maltooligosyl trehalose, together with the release of maltooligosaccharide glc(n31) and glucose. And then, the intramolecular transglycosylation and the hydrolytic reaction continues with the maltooligosaccharide glc(n31) until the initial maltooligosaccharide is reduced to maltose. As we have shown that the enzyme does not act on maltose, maltose and glucose are the ¢nal reaction products. The hypothetical mechanism of MTS acting on maltopentaose is resumed in Fig. 4 .
From an industrial point of view, it appears that, it is quite important to consider the complex catalytic mechanism of MTS in the trehalose production process using the combined action of MTS and MTH [4, 5] . Indeed, if this new process method gives the best yield of trehalose production with more than 82% using corn starch (30%) as substrate, analysis of the ¢nal products shows the presence of glucose and maltose in the reaction mixture [1] . It is likely that glucose and maltose are produced by the hydrolytic action of MTS during the step reaction of trehalose synthesis. The improvement of this transglycosylation reaction by the reduction (by substrate concentration optimization) or the removal (by protein engineering) of the MTS hydrolytic activity might signi¢cantly improve the trehalose production yield.
